ABSTRACT: Activated nuclear factor-B (NFB) has been shown to increase transcription of several genes that could potentially contribute to neuronal damage, such as proinflammatory cytokines, chemokines, and inducible nitric oxide synthase. The aim of our study was to investigate whether inhibition of NFB activation could prevent hypoxia/ischemia (HI)-induced cerebral damage in neonatal rats. We used a cell permeable peptide (NEMO binding domain [NBD] peptide) that is known to prevent the association of the regulatory protein NEMO with IKK, the kinase that activates NFB. Via this mechanism, the NBD peptide can specifically block the activation of NFB, without inhibiting basal NFB activity. Cerebral HI was induced in neonatal rats by occlusion of the right carotid artery followed by 90 min of hypoxia (FiO 2 ϭ 0.08). Immediately upon reoxygenation, as well as 6 and 12 h later, rats were treated with vehicle or NBD peptide (20 mg/kg i.p.). Histologic analysis of brain damage was performed at 6 wk after HI. To assess NFB activation, electromobility shift assays (EMSAs) were performed on brain nuclear extracts obtained 6 h after reoxygenation. Increased NFB activity could be shown at 6 h after HI in both hemispheres. Peripheral administration of NBD peptide prevented this HI-induced increase in NFB activity in both hemispheres. Histologic analysis of long-term cerebral damage revealed that inhibition of NFB activation by administration of NBD peptide at 0, 6, and 12 h after HI resulted in an increment of neuronal damage. In conclusion, our data suggest that inhibition of NFB activation using NBD peptide early after HI increases brain damage in neonatal rats. (Pediatr Res 59: 232-236, 2006) P erinatal HI is a common cause of neonatal mortality and morbidity. Long-term effects can be cerebral palsy and/or impaired neurodevelopmental outcome (1,2). During HI and in particular upon reperfusion and reoxygenation, a cascade of potentially destructive pathways is activated eventually leading to neuronal cell death (3,4).
P erinatal HI is a common cause of neonatal mortality and morbidity. Long-term effects can be cerebral palsy and/or impaired neurodevelopmental outcome (1, 2) . During HI and in particular upon reperfusion and reoxygenation, a cascade of potentially destructive pathways is activated eventually leading to neuronal cell death (3, 4) .
Activation of the transcription factor NFB regulates the production of pro-and anti-inflammatory cytokines, chemokines, and inducible nitric oxide synthase and of adhesion molecules, which together will promote apoptosis and neuronal cell death (5, 6) . In resting cells, the heterodimeric NFB, consisting of a p50 and a p65 protein, is retained in the cytoplasm through interaction with the inhibitory protein IB. Activation of NFB requires phosphorylation of IB by the I-kinase complex, consisting of IKK␣, IKK␤, and the regulatory protein NEMO. Phosphorylated IB will be ubiquitinated and degraded via the proteasome pathway. The free or activated NFB can then translocate to the nucleus of the cell and will bind to the promoter sequences of many target genes (7) .
Evidence of a role for NFB activation in HI-induced cerebral damage comes from animal models. In NFB-p50 knockout mice, neuronal damage was significantly reduced in an adult model of stroke by occlusion of the middle cerebral artery (8) . Similarly, inhibition of the proteasome pathway with the proteasome inhibitor CVT-634 or PS519, leading to reduced IB degradation and thereby reducing NFB activation, has been reported to be neuroprotective as well (9, 10) . Moreover, Stephenson et al. (11) suggested that the neuroprotective properties of antioxidant LY341122 are mediated by preventing the activation of NFB. In contrast, however, Hill et al. (12) described that inhibition of NFB with diethyldithiocarbamate increased brain damage 48 h after middle cerebral artery occlusion in rats.
A possible explanation for these conflicting effects of NFB inhibition in models of HI-induced brain damage may be that most of the compounds used to prevent NFB activation are inhibiting not only NFB activation but also many other processes, such as protein degradation via the proteasome pathway. Interestingly, May et al. (13) reported selective inhibition of NFB activation using a cell-permeable NBD peptide that blocks interaction of NEMO with the I-kinase complex. Via this mechanism, NBD peptide can prevent the activation of the IKK complex by proinflammatory mediators without inhibiting basal NFB activity (13) .
We investigated whether selective inhibition of the early HI-induced activation of NFB with the NBD peptide provides neuroprotection in the 12-d-old rat pup. To investigate whether peripheral administration of NBD peptide indeed blocked HI-induced NFB activation in the brain, we performed an EMSA for NFB using nuclear extract of the ipsiand contralateral hemisphere.
MATERIALS AND METHODS
Animal protocol. The Experimental Animal Committee of the UMC Utrecht approved all experimental protocols. Wistar rat pups of both sexes were exposed to a HI insult according to the model of Vannucci and Rice (14) . In this study, 12-d-old rats were used because the developing cerebral cortex of the rat at that stage is comparable to that of the full-term human neonate (15, 16) . The pups were anesthetized with halothane (5.0% induction, 2.0% maintenance) in a mixture of N 2 O and O 2 (1:1). The right common carotid artery was exposed and ligated. The duration of the surgery was 5-7 min, after which the pups were allowed to recover for at least 60 min. Subsequently, the pups were placed in an incubator with a constant temperature (37°C), and humidity. HI was induced by lowering FiO 2 to 0.08 in N 2 for 90 min. After the HI insult, the pups received treatment and were returned to their dams. Pups were killed by decapitation at 6 h after HI or by perfusion 48 h or 6 wk after HI. After decapitation, the brain was removed, divided into two hemispheres and cerebellum, and stored at Ϫ80°C. Before perfusion rats were sedated with pentobarbital, subsequently intracardially perfused with 4% paraformaldehyde after which brains were removed, postfixed, and embedded in paraffin. Four rats underwent anesthesia and neck incision without carotid artery occlusion; these animals served as sham-operated controls. The animals were kept at room temperature with a light/dark cycle of 12 h/12 h and had access to food and water ad libitum.
Study design. The animals that were subjected to HI were assigned to two groups. Animals randomly received an intraperitoneal injection with vehicle (n ϭ 21) or NBD peptide (n ϭ 19) 20 mg/kg. The first dose was administered immediately after HI and subsequent doses at 6 and 12 h. The NBD peptide was dissolved in DMSO (40 mg/mL) and subsequently diluted in PBS to a concentration of 1.2 mg/mL (13) .
Histology. Six weeks after HI, 8-m thick sections of rat brains were cut approximately -3.30 mm from the bregma and mounted on coated slides and stained with hematoxylin and eosin (Klinipath, Duiven, The Netherlands). The histopathology was scored in a blinded setup as described earlier (17) . The regions CA1, CA2, CA3, and CA4 of the hippocampus and the dentate gyrus and six areas of the parietal cortex were scored for damage on a 4-point scale: 3 (normal), 2 (few neurons damaged), 1 (moderate number of neurons damaged), 0 (almost all neurons damaged and cystic infarction). The maximum cumulative score was 33 points and the minimal score was 0. Subsequently, full-section images were captured with a Nikon D1 digital camera (Nikon, Tokyo, Japan) and processed in Adobe Photoshop 5.0 (Adobe Systems Inc., San Jose, CA). The size of the ipsi-and contralateral hemispheres was subsequently measured in arbitrary units, and the ratio of ipsilateral and contralateral hemisphere was calculated as a measure of neuronal damage.
Immunohistochemistry. Immunohistochemistry was performed on the brains of the rats 48 h after HI. Eight-microns thick coronal sections of paraffin-embedded brains were cut approximately -0.80 (A), -3.30 (B), and -6.60 (C) mm from the bregma and mounted on coated slides Sections were stained with mouse-anti-MAP2 (clone HM-2, Sigma Chemical Co., St. Louis, MO) followed by biotinylated horse-␣-mouse IgG (Vector Laboratories, Burlingame, CA) and visualization was performed using Vectastain ABC (Vector Laboratories) and diaminobenzidine, and sections were counterstained with hematoxylin.
Full-section images of the MAP2-stained sections were captured with a Nikon D1 digital camera and processed in Adobe Photoshop 5.0. The MAP2-positive and -negative areas of the ipsilateral hemisphere were determined in a blinded setup and the ratio of the MAP2-positive area to MAP2-negative area was calculated as a measure of neuronal damage.
EMSA. NFB EMSAs were performed on nuclear extracts as described by Hickenbottom et al. (18) with minor modifications. Brain tissue was homogenized in lysis buffer (50 mmol/L Tris, 5 mmol/L EDTA, 150 mmol/L NaCl) supplemented with protease inhibitors (leupeptin 10 g/mL, pepstatin 5 g/mL, STI 10 g/mL, orthovanadate 1 mmol/L, and 1 mmol/L PMSF). The homogenates were centrifuged at 13,000 rpm for 15 min, and pellets were used for extraction of nuclear protein. Pellets were homogenized in buffer A(10 mmol/L HEPES, pH 7.9, 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L DTT, and protease inhibitors), and after 15 min of incubation on ice, NP40 was added to a final concentration of 3.125%. The mixture was vortexed and microfuged (10,000 rpm, 4°C) for 1 min, and the nuclear pellet was resuspended in ice-cold hypertonic nuclear extraction buffer (20 mmol/L HEPES, pH 7.9, 420 mmol/L NaCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L DTT, and protease inhibitors), incubated on ice for 30 min and microfuged (10,000 rpm) for 5 min. The supernatant containing the nuclear extract was collected, and 5 g protein was incubated for 30 min at room temperature with 32 P-end-labeled, double-stranded NFB oligonucleotides (5= AGTTGAGGGGACTTTCCCAGGC). Binding reactions were performed in 20 L containing 25 mmol/L HEPES, pH 7.9, 0.5 mmol/L EDTA, 0.5 mmol/L EGTA, 0.5 mmol/L DTT, 5% glycerol, 1% NP-40, 50 mmol/L NaCl, 1 g plydI/dC. To determine specificity of the EMSA, excess unlabeled oligonucleotides were added to some samples. Samples were separated on 5% polyacrylamide gel with Tris/borate-EDTA running buffer and bound complexes were visualized by autoradiography. Optical density (OD) was analyzed using Chemidoc XRS with a G700 densitometer and Quantity One 1-D analysis software (Bio-Rad Laboratories, Hercules, CA).
Statistics. Data are presented as mean Ϯ SEM. SPSS software version 10 (SPSS, Chicago, IL) was used to calculate significance. Mann-Whitney U tests were used for analysis of the difference between vehicle and NBD peptide-treated rats 6 wk after HI. For analysis of the EMSA at 6 h and MAP2 at 48 h, a Kruskal-Wallis test was used for analyzing differences between the sham and vehicle or NBD peptide-treated rats. Subsequently, Mann-Whitney U tests were used for further analysis of the difference between vehicle and NBD peptide-treated rats. A p value Ͻ0.05 was considered statistically significant.
RESULTS

Inhibition of NFB activity.
To investigate whether intraperitoneal administration of NBD peptide can prevent cerebral NFB activation in the brain after exposure of p12 rat pups to HI, we performed EMSA using nuclear extracts of ipsi-and contralateral hemispheres. In a preliminary experiment, we analyzed HI-induced NFB activity by EMSA at 1, 3, and 6 h after HI. Maximal NFB activity was observed at 6 h after HI (data not shown). In subsequent experiments, we examined NFB activity in nuclear extracts of ipsi-and contralateral hemispheres from sham-operated animals, vehicle-treated HI animals, and NBD peptide-treated HI animals obtained at 6 h after HI. The data in Figure 1 demonstrate that exposure of p12 rats to HI induces a significant increase in cerebral NFB activity in both ipsi-and contralateral hemispheres at 6 h after HI. More importantly, the data also show that intraperitoneal administration of NBD peptide immediately after HI can almost completely prevent this HI-induced increase in NFB activity in the brain. Figure 1B clearly shows that the EMSA is specific because the band disappears after addition of excess unlabeled oligonucleotides.
Short-term effects of NBD peptide. To determine the effect of NBD peptide administration at 0, 6, and 12 h after HI on early HI-induced neuronal damage, MAP2 staining was analyzed in three different areas of the ipsilateral hemisphere of vehicle-treated (n ϭ 4) and NBD-treated (n ϭ 4) rats 48 h after HI and of sham control rats (n ϭ 4) (Figs. 2 and 3) . The three sections were cut approximately -0.80 (A), -3.30 (B) and -6.60 (C) mm from the bregma. As depicted in Figure 2 and quantified in Figure 3 , HI induced a significant (p Ͻ 0.05) loss of MAP2 staining in sections A and B. However, there were no significant differences in the HI-induced loss of MAP2 staining in NBD peptide-treated rats compared with vehicle-treated rats (Figs. 2 and 3) .
Long-term effects of NBD peptide. At 6 wk after exposure of p12 rats to HI, the combined neuropathology score of hippocampus and cortex of the ipsilateral hemisphere was significantly lower than the neuropathology score of contralat- (Fig. 4A , p Ͻ 0.01). Treatment with NBD peptide at 0, 6, and 12 h after HI did not reduce long-term neuronal damage, but rather resulted in an even lower combined neuropathology score in the ipsilateral hemisphere (p Ͻ 0.05). Treatment with NBD peptide did not have any effect on the combined neuropathology score in the contralateral hemisphere (Fig. 4A) , indicating that the peptide is not neurotoxic by itself.
Analysis of the ratio of the area of the ipsilateral/ contralateral hemisphere demonstrated a significant reduction in the ratio of both vehicle-and NBD-treated rats after HI compared with sham-treated animals (p Ͻ 0.01) (Fig. 4B) . The ratio of the ipsi/contralateral hemispheres of NBD-treated animals was significantly (p Ͻ 0.05) lower than that of vehicle-treated animals.
DISCUSSION
The goal of the present study was to investigate whether selective inhibition of NFB activation would reduce neuronal damage after neonatal HI. We applied the specific NFB inhibitory NBD peptide, originally described by May et al. (13) . The NBD peptide blocks the interaction of NEMO with IKK␣, IKK␤ resulting in an inability to phosphorylate IB and to subsequently activate NFB (13) . This peptide has been shown to reduce the inflammatory response in various models of peripheral inflammation. Using EMSA, we show here that peripheral administration of NBD peptide at a dose of 20 mg/kg can completely prevent HI-induced activation of NFB in the brain. However, inhibition of NFB activation by treatment with the NBD peptide during the first 24 h after HI did not reduce but rather increased neuronal damage as determined at 6 wk after the insult.
Apart from proinflammatory molecules, NFB can also induce expression of antiapoptotic factors, including Bcl-2 and Bcl-x. Moreover, NFB can increase the expression of neurotrophins (e.g. nerve growth factor) and superoxide dismutase, which all could contribute to neuronal survival (19) . Indeed, in vitro studies in cultures of rat hippocampal neurons (19 -21) and studies in transgenic mice (22) have shown that NFB-signaling in brain tissue is important for neuronal survival, synaptic plasticity, and the prevention of apoptotic cell death. By inhibiting the HI-induced increase in NFB activity with NBD peptide, without interfering with the basal activity, we assumed that the deleterious effects of NFB activation would have been prevented while the neuroprotective activity of NFB might have been maintained. However, our data suggest that this was not the case.
In earlier publications, inhibition of NFB activation after middle cerebral artery occlusion has been described to decrease neuronal damage (9, 10, 12, 23) . How can we explain the results of several studies showing neuroprotection after NFB inhibition? One possible explanation is that in these studies NFB was inhibited by drugs with known other pharmacological effects as well. For example, CVT-634 and PS519 are proteasome inhibitors that reduce NFB activation by inhibition of the degradation of IB. However, inhibition of the proteasome pathway may also alter the availability of other proteins that are involved in neuronal damage. N-acetylcysteine inhibits NFB activation but also has antioxidant activity, which may contribute to neuroprotection (23) . Therefore, it is difficult to conclude from these studies whether the observed neuroprotective effects are mediated via inhibition of NFB alone or are also dependent on the additional effects of these drugs. An alternative, perhaps more plausible explanation may be that inhibition of NFB activity in the periphery is neuroprotective, whereas inhibition of NFB in the brain enhances neuronal damage. Indeed, treatment with the proteasome inhibitor PS519, which does not penetrate the blood-brain barrier, resulted in a marked reduction in infarction size and improvement of neuronal recovery after transient focal cerebral HI (9) . The neuroprotective effect of PS519 in these studies has been attributed to a considerable reduction in both neutrophil and macrophage infiltration into the brain (9) . In line with this hypothesis, Hill et al. (12) have shown that the NFB inhibitor diethyldithiocarbamate, which penetrates the blood-brain barrier, induced increased neuronal death in a transient occlusion model of the middle cerebral artery. Because the above-mentioned studies were performed in the adult animal, it remains to be confirmed that inhibition of NFB activity in the periphery is also neuroprotective in neonatal animals. In addition, it should be noted that we cannot exclude that the reduction in NFkB activity that we observed in the brain of animals exposed to HI and treated with NBD peptide is not caused by a direct effect of the peptide in the brain. It is possible that the peripheral administration of results in direct inhibition of NFB in cells in the periphery, e.g. inflammatory cells, and that the reduced NFB activity in the brain occurs secondary to the reduction of peripheral NFB activity. This does not seem to be the most plausible explanation, however, because it has been shown that inhibition of inflammatory activity in the periphery can protect against HI-induced brain injury. For example, Hudome et al. (24) have shown that depletion of animals from neutrophils protects against brain injury in this model.
There is evidence that activation of NFB may last for days after the insult (10, 25) . Therefore, we cannot exclude the possibility that treatment with NBD peptide for a more prolonged period of time could be neuroprotective.
In summary, the present study showed that NFB is not an attractive target for development of neuroprotective strategies. We cannot exclude the possibility that selective inhibition of peripheral NFB activity would have beneficial effects in models of HI-induced brain damage. However, it should be considered that the blood-brain barrier of the neonate might be less functional than that of adults, especially after severe HI. Therefore, it is questionable whether it will be possible to develop a drug that selectively inhibits NFB activity in the periphery for prevention of HI-induced brain damage in neonates. 
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